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Introduction

This postdoctoral research training aims to prepare the trainee for further prostate cancer
research through a genetic epidemiology study of the role of estrogen receptors (ERs) in
prostate cancer etiology. The importance of estrogens in maintaining the normal
physiological status of the prostate, and potentially in the process of prostate
carcinogenesis, has been clearly demonstrated in many studies. Because estrogen
signaling is largely mediated by estrogen receptors (ER) alpha and beta (ESR1 and
ESR2), our hypothesis is that genomic sequence variants in ER genes may affect
individual susceptibility to prostate cancer. Two goals were proposed in this postdoctoral
training project: 1) to further the trainee’s ability to be an efficient researcher of prostate
cancer genetics by enhancing the trainee’s ability to use bioinformatics tools for genetic
data analyses, through a formal mentorship as well as various courses and workshops. 2)
to comprehensively evaluate multiple genetic variants in ER genes using both family-
based and case-control study designs, thus providing the trainee with real-world
experience in genetic and bioinformatic analyses. The second goal not only provides
real-world experience for the trainee in the performance of genetic and bioinformatic
analyses, but will also advance our knowledge of the role of the estrogen pathway in

prostate cancer etiology.




Body

This postdoctoral research training grant aims to prepare the trainee for further prostate
cancer research through a genetic epidemiology study of the role of estrogen receptors

(ERs) in prostate cancer etiology. Major accomplishments in the first half of the training .

period include: 1) attending statistics and bioinformatics courses, conferences, and
workshops. 2) complete sequencing of all 14 exons, and the ~2kb promoter region of the
ESR2 gene in 96 subjects for the identification of mutations and sequence variants 3)
application of the statistics and bioinformatics skills gained in various courses and
workshops for several similar genetic epidemiological studies. The progress will be
detailed in the following paragraphs.

Training in genetic data analyses and bioinformatics:

1. Statistics coursework and workshop:

a.

“Genetic Analysis Workshop 13 (GAW13)”: Trainee joined the team led by
several genetic epidemiologists and statisticians, including Drs. Deborah
Meyers, Jianfeng Xu, Carl Langefield, and Leslie Lange, to analyze the
dataset distributed by GAW in year 2002. GAWs are a collaborative effort
among genetic epidemiologists to evaluate and compare statistical genetic
methods. Sets of real or computer-simulated data are distributed to
investigators worldwide, and the results of analyses are discussed and
compared at meetings. We used a multivariate principal components method
in an attempt to identify clusters of variables that may be controlled by a
common gene or genes (pleiotropy) in the distributed dataset. These results
were presented in the Genetic Analysis Workshop 13: Analysis of
Longitudinal Family Data for Complex Diseases and Related Risk Factors,
and was also published in NMC Genetics (Appendix A).

The trainee attended an applied statistical methods course, titled “logistic
regression”, that was offered in the department of epidemiology at WFUSM
(Wake Forest University School of Medicine). For this course, Dr. Carl
Langefield served as Dr. Chang’s mentor.

The trainee also attended two SAS programming courses offered by the SAS
Institute Inc. in Cary, NC. SAS is a statistics program used by most
epidemiologists as a statistic analysis tool and database management system.
These two courses have improved the trainee’s SAS programming skills in
genetic data management and analyses.

2. Bioinformatics coursework:

a.

The trainee attended “Genome Sequence Analysis: Theory and Practice” at
Jackson Laboratory, in Bar Harbor, Maine. This course focused on the
process of analyzing genomic sequences to identify biologically significant
features using computational and comparative approaches. In addition, it




also included instruction on predicting and annotating the function of genes
and gene products.

b. The trainee attended a course titled, “Computational Analysis in Molecular
Biology”, at WFUSM. This course focuses on utilizing computer software
in the analysis of gene sequences and molecular modeling.

This bioinformatics training, from both the workshop and the course, enabled
the trainee to utilize various bioinformatics tools in computational analyses of the
potential functional impact of the sequence variants in several candidate genes, as
detailed in later paragraphs of this progress report.

3. Attended annual meetings of the American Society of Cancer Research, and the
American Society of Human Genetics.

Identification of mutations and sequence variants in the ESR2 gene by sequencing
all 14 exons, ~2 kb promoter region of ESR2 in 96 hereditary prostate cancer (HPC)
probands.

The genomic structure of ESR2 is far more complex than what was originally described.
With more and more alternatively splicing variants being found, the number of exons for
ESR2 grew from 8 (referring to the cDNA sequence that encodes the full-length 530 amino
acid ESR2 protein in most ESR2 studies) to 14 (NCBI annotation, build 34). A total of 16
ESR2 isoforms with alternatively spliced exons were cloned and characterized. These
isoforms were believed to have different ligand and DNA binding affinity, transactivation
capability, and even different subcellular localizations. Many of these isoforms and exon-
skipping transcripts were found to be expressed in prostate tissues or prostate cancer cell
lines. To fully characterize the genetic variants in ESR2, we screened all exons, exon-
intron junctions, and ~ 2kb of the promoter region in 96 HPC probands by sequencing. In
summary, there were more than 45 sequence variants identified in these subjects. Although
no missense mutations were identified, some synonymous changes were implicated as
having a functional impact on expression levels. In addition, more than 12 sequence
variants were identified in the promoter region alone. One of the 40 bp insertion/deletion
polymorphisms may increase/decrease the number of SP1 transcription factor binding
elements. A subset of these 45 sequence variants will be selected, mainly by their potential
functional effects as suggested by bioinfomatic analysis, for further genotyping efforts in
the HPC families, as well as in the case control population.

The ESR2 sequence information was also applied to a breast cancer study recently
published (appendix B). The analysis of six common sequence variants in 1134 cases and
1235 controls in the Shanghai Breast Cancer Study provided evidence for positive
associations between breast cancer risk and two SNPs [C(14206)T and C(33390)G] among
postmenopausal women. Evidence of a stronger association was found for SNP
[C(33390)G] among women with a long duration (>34 years) of menstruation (OR =2.37,
95%CI = 1.18 - 4.77). A potential synergistic effect between SNP [C(33390)G] and several
steroid sex hormones was observed, and a 3 to 4-fold elevated risk of breast cancer was




found among women with a CG or GG genotype in SNP [C(33390)G] who also had a high
level of steroid sex hormone or a low level of sex hormone binding globulin.

Application of the statistics and bioinformatics skills gained in various courses and
workshops for several similar genetic epidemiological studies.

The trainee has also applied her new statistics and bioinformatics skills in several similar
genetic epidemiological studies:

Genomic structure of RNASEL

RNase L is a single-strand-specific endonuclease that functions as the terminal enzyme
component of the interferon-inducible 2-5A synthetase/RNAase L antiviral pathway.
Recently, the gene encoding RNase L, RNASEL, was identified as a strong candidate for
the prostate cancer susceptibility gene at the HPC1 locus. However, neither the public
databases nor published studies have fully described and annotated the complete genomic
structure of the RNASEL gene. From a computational comparison of all protein sequences
in the databases to RNASEL, a “RNASEL-unique” sequence was chosen for our northern
probe. With this approach, we were able to avoid cross-hybridization to homologous
proteins and identify a single species of transcript at ~4.4kb. In addition, the highest
expression was found to be in the prostate, followed by the testis and small intestine. The
remaining tissues have very low RNASEL expression levels. To determine the total
number of exons, as well as to identify the 5’- and 3’- end of the RNASEL transcript, we
carried out RT-PCR, followed by 5°- and 3’-RACE. A 7-exon model, including an
untranslated 1% exon which is not annotated by NCBI, was suggested both by our
experimental data and by a computational annotation based on an EST database search.
Interestingly, comparative genomic analyses between human RNASEL and mouse Rnasel
loci identified several homologous regions in the proximal promoter and exon 1, thus
indicating common transcription regulatory mechanisms between the two species
(appendix C).

TLR4 isoforms and 3’untranslated region structure

There is growing evidence that chronic inflammation may also play a role in the
development of prostate cancer. TLR4 is a central player in the signaling pathways that
control the innate immune response and is an important candidate inflammatory gene. We
performed a systematic genetic analysis of TLR4 sequence variants by evaluating eight
SNPs that span the entire gene, among 1383 newly diagnosed prostate cancer patients and
780 age- and residence-matched controls in Sweden. We found an association between a
sequence variant (11380G/C) in the 3°'UTR of the TLR4 gene and prostate cancer risk
(Appendix D). Although the location of SNP 11380G/C is controversial, it is likely within
the 3’UTR of isoform A. There are two reported human TLR4 cDNA sequences, and both
are deposited in GenBank (U93091 and U88880). The cDNA clone U93091 (4874 bp)
corresponds to isoform A and contains exons 1, 3, and 4. However, it has an extra 1096 bp
in the 3’UTR region, compared to the NCBI RefSeq for isoform A. The cDNA clone
U88880 (3811 bp) contains all four exons, with the same, shorter, exon 4 sequence that is
annotated in the NCBI database. The cDNA clone U88880 may use a downstream
translation start site in exon 3 and encode a shorter 799 a.a. isoform C. Apparently, the




current NCBI database used clone U88880 as a template and did not use the information
from clone U93091 for annotation of the 3°UTR. To preliminarily define the 3°UTR region
using computational methods, we used either 2kb or 5kb of additional genomic sequence 5°
as well as 3’ beyond the end of the annotated genomic sequence, in a BLAST search
against the human EST database. Eight EST clones from various sources were aligned to
the 3’ region that followed the NCBI annotated 4th exon and overlapped with the 4th exon.
These EST sequences only have significant similarity to the TLR4 genomic sequence in the
whole genome when used as queries in BLAST. The evidence from EST clones extended
for an additional 568 bp into the 3’ region of TLR4, and the SNP 11380G/C was mapped to
this 3’ region. This analysis provided further evidence that the longer 3°UTR of TLR4 is
real. Interestingly, seven additional EST clones were uniquely aligned to the genomic
region extending approximately 1123 to 1460 bp beyond the end of the annotated 4th exon.
This EST evidence extends the 3’ UTR region of TLR4 an additional 27 to 364 bp,
compared to the longest 3°UTR in clone U93091. Collectively, this indicates that either
U93091 does not represent a full length clone, or that there is another isoform which differs
from U93091 by having an extra 3° UTR region. Further experimental data is needed to
support these conclusions drawn from computational methods.

Extronic splice elements in ESR2 gene

For genetic variants in the coding region, attention has been primarily focused on the
nonsense and missense changes that alter protein sequences and functions. However, there
is increasing evidence that many human disease genes harbor exonic mutations that affect
pre-mRNA splicing. Accumulating evidence shows that nucleotide changes in the exons
may inactivate genes by inducing the splicing machinery to skip the mutant exons, and this
has even been observed for some nonsense, nonsynonymous, or even silent synonymous
mutations. Similarly, SNPs in coding-regions might cause phenotypic variability by
influencing splicing accuracy or efficiency. When we studied G(25652)A in exon 6 and
C(33390)G in exon 7 of ESR2 in a breast cancer population, we explored the possibility
that these two synonymous changes may affect the splicing of the ESR2 pre-mRNA by
searching the exonic splicing enhancer (ESE) motifs. Both SNPs were found to be in ESE
motifs. G(25652)A was found to be in the binding site for splice factor SRpSS, and
C(33390)G was in the binding site for splice factor SC35. While the nucleotide change for
G(25652)A is conserved, the nucleotide change for C(33390)G may have an influence on
the splice efficiency of exon 7. The C allele of C(33390)G is found preferentially in the
SC35 enhancer element at this particular position (has above background frequency in
SC35 consensus sequence), and the G allele of C(33390)G has below background
frequency in this position and may have an adverse effect on splicing efficiency. Many
splice variants have been identified in ESR2, and differential expression of these splice
variants during breast carcinogenesis has also been reported. The differential ligand
specificity among splice variants has been explored because it has been hypothesized to
affect the efficacy of various selective estrogen receptor modulators (SERMs). It is likely
that SNP C(33390)G, which may impact the splicing efficiency of exon 7, may alter the
expression pattern of ESR2 splice variants and therefore the risk of breast cancer (appendix
B).




Key Research Accomplishments

The major accomplishments in the first half of the training period include:

" 1) Attending statistic and bioinformatic courseworks, conferences, and workshops.

2) Complete sequencing all 14 exons, and ~2 kb promoter region of ESR2 gene in 96
hereditary prostate cancer probands for identification of mutations and sequence variants.
3) Utilizing and incorporating the statistic and bioinformatic skills gained in various

courseworks and workshops in several similar genetic epidemiological studies.




Reportable outcomes

Several manuscripts and meeting abstract published during the first half of this training
period:

Bensen JT, Lange LA, Langefeld CD, Chang B, Bleecker ER, Meyers DA, Xu J.
Exploring Pleiotropy using Principal Components. BioMed Central Genetics 2003;
4:S53.

Zheng SL, Zheng W, Chang BL, Shu XO, Cai Q, YuH, Dai Q, XuJ, Gao YT. Joint
effect of estrogen receptor beta sequence variants and endogenous estrogen exposure on
breast cancer risk in Chinese women. Cancer Res. 2003;63:7624-9.

Chang BL, Tolin A, Segade F, Silverman R, Isaacs WB, Xu J. Genomic structure and the
expression patterns of RNASEL. AACR proceeding 2004.

Zheng SL, Augustsson-Bilter K, Chang BL, Hedelin M, Li L, Adami HO, Bensen J, Li
G, Johnasson JE, Tolin A, Turner AR, Adams TS, Meyers DA, Isaacs W, Xu J, Grénberg
H. Sequence variants of TLR4 are associated with prostate cancer risk: results from the
CAPS study. Cancer Res 2004 (In press)
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Conclusions

In summary, the major accomplishments in the first half of the training period include: 1)
attending statistics and bioinformatics courses, conferences, and workshops. 2) complete
- sequencing of all 14 exons, and the ~2kb promoter region of the ESR2 gene in 96
subjects for the identification of mutations and sequence variants. 3) application of the
statistics and bioinformatics skills gained in various courses and workshops for several
similar genetic epidemiological studies. The screening of sequence variants in ESR1, as
well as the genotyping of both ESR1 and ESR2, are both ongoing. The analyses and
results are expected during the rest of the training period.
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Abstract

A standard multivariate principal components (PCs) method was utilized to identify clusters of
variables that may be controlled by a common gene or genes (pleiotropy). Heritability estimates
were obtained and linkage analyses performed on six individual traits (total cholesterol (Chol), high
and low density lipoproteins, triglycerides (TG), body mass index (BMI), and systolic blood
pressure (SBP)) and on each PC to compare our ability to identify major gene effects. Using the
simulated data from Genetic Analysis Workshop |3 (Cohort | and 2 data for year ll), the
quantitative traits were first adjusted for age, sex, and smoking (cigarettes per day). Adjusted
variables were standardized and PCs calculated followed by orthogonal transformation (varimax
rotation). Rotated PCs were then subjected to heritability and quantitative multipoint linkage
analysis. The first three PCs explained 73% of the total phenotypic variance. Heritability estimates
were above 0.60 for all three PCs. We performed linkage analyses on the PCs as well as the
individual traits. The majority of pleiotropic and trait-specific genes were not identified. Standard
PCs analysis methods did not facilitate the identification of pleiotropic genes affecting the six traits
examined in the simulated data set. In addition, genes contributing 20% of the variance in traits with
over 0.60 heritability estimates could not be identified in this simulated data set using traditional
quantitative trait linkage analyses. Lack of identification of pleiotropic and trait-specific genes in
some cases may reflect their low contribution to the traits/PCs examined or more importantly,
characteristics of the sample group analyzed, and not simply a failure of the PC approach itself.

Background

Princdpal component analyses often provide valuable
information that allows data reduction and reveals rela-
tionships between variables that were not previously sus-
pected. As we begin to better understand the scope of gene
effects, we find that single genes often contribute to mul-

tiple phenotypes (pleiotropy). Therefore, when mapping
genes for complex disorders, it can be helpful to identify
groups of variables or phenotypes (principal compo-
nents) that may be controlled by a single gene. Arya et al.
[1] demonstrated the practical application of principal
component analysis by evaluating eight insulin resistance
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syndrome-related phenotypes in 27 nondiabetic Mexican-
American extended families [1]. In their analyses, they
identified three principal components factors and follow-
ing multipoint variance components linkage analyses,
their adiposity-insulin factor showed linkage at two differ-
ent regions on chromosome 6q with LOD scores > 4.1.
This observation was consistent with their previous find-
ing of a major susceptibility locus for insulin resistance on
chromosome 6q, which has been shown to have strong
pleiotropic effects on other insulin resistance syndrome-
related phenotypes such as body mass index (BMI) and
leptin levels [1,2]. To examine this type of pleiotropic
gene effect seen in the Arya study, we chose to evaluate the
use of standard principal components (PC) methods to
capture this effect in the Genetic Analysis Workshop
(GAW13) simulated data set. Our first objective was to
assess whether the traits grouped together in one of the
PCs in our data analysis actually correspond to traits that
share common gene effects in the underlying GAW13 sim-
ulated genetic model, our second objective was to identify
the heritability of these PCs, and our third objective was
to identify major pleiotropic genes through linkage
analysis.

Methods

All analyses were performed on the simulated data with-
out missing observations. Replicate data set 57 was ran-
domly selected and analysis was limited to the year 11
time point. Year 11 was selected because this was the first
year in which Cohorts 1 and 2 both had data collected.
Observations with triglyceride values greater than 400 (n
= 27) were excluded in order to obtain valid low density
lipoprotein (LDL) calculations. In addition, several (n = 8
> 4 SD) observations were excluded because they were
judged to be highly influential in the PC analysis.

PC analysis was conducted on six quantitative traits
(QTs): total cholesterol (Chol), triglycerides (TG), high
density lipoprotein (HDL), LDL, systolic blood pressure
(SBP), and body mass index (BMI). LDL was calculated
using the Friedewald's equation [3]: (Total Chol - HDL) -
TG/5, where TG = 400. BMI was calculated as (weight (1b)
/ (height (in))2] * 703. Three of the QTs (Chol, TG, and
SBP) were log-transformed in order to better conform to a
normal distribution. Each QT was then regressed on sex,
age, and cigarettes per day using linear regression mode-
ling, and residuals were obtained. The residuals for each
QT were then standardized. PCs were calculated from the
correlation matrix of the standardized residuals corre-
sponding to the six QTs using standard methods, in which
all individuals are assumed to be independent. PC analy-
sis was performed using PROC FACTOR in the SAS statis-
tical software package (version 8.2, Cary, NC), with PC
extraction and varimax rotation (Table 1). Results from

http://www.biomedcentral.com/1471-2156/4/s1/S53

this analysis were used to create PCs consisting of linear
combinations of individual QT residuals.

Heritability estimation and quantitative multipoint link-
age analysis were performed on the PCs and on the resid-
uals for individual QTs using variance-component
methodology, as implemented in the Sequential Oligo-
genic Linkage Analysis Routines (SOLAR) [4]. Genotype
data provided from all individuals were used to generate
multipoint identity-by-descent (IBD) estimates through-
out the genome. Phenotypic traits examined included the
PCs and the raw QTs. No additional covariate adjustment
was made at this stage. All analyses were performed a sec-
ond time, with additional adjustment for cohort effect
(using an indicator variable) when residuals were
obtained. This was done in order to examine whether
cohort had an effect after adjusting for age.

We did not consult the GAW13 simulated data set answers
prior to either the interpretation of the PCs or performing
linkage analysis. Verification of genes modeled in the sim-
ulated data set at baseline (not those influencing longitu-
dinal data) were considered verified if linkage analysis
identified a marker with a peak LOD score (LOD > 1.0)
within 20 cM of the gender-averaged chromosomal loca-
tion for a simulated trait gene. While there is little consen-
sus regarding the most appropriate LOD score threshold
for complex disease, similar to other studies of complex
disease reporting LODs less than 2.0, we considered LOD
scores greater than 1.0 as suggestive evidence of linkage
[5.6].

Results

At year 11 we had complete data on 989 individuals (316
families) from Cohort 1, mean age 59.9 years, and 1511
individuals (330 families) in Cohort 2, mean age 53.4.
Variable means for the QTs and confounders were compa-
rable between cohorts, except for SBP, TGs, and cigarettes
per day, where mean SBP and TG were higher in Cohort 1
than 2 (SBP: 137 vs. 130 and TG: 146 vs. 136, respec-
tively) and mean cigarettes per day were lower in Cohort
1 than 2 (4 vs. 6, respectively). After adjustment for age,
sex, and cigarettes per day, cohort was a statistically signif-
icant predictor of only one of the QTs: SBP. The additional
adjustment for cohort produced results {(PCs and linkage)
that were similar to those reported and did not change any
of our conclusions.

The first three principal components identified in this
analysis contributed to 73% of the overall phenotypic var-
iance among the six QTs (Table 2). Heritability estimates
(polygenic) for individual QTs and the three primary
principal components were all statistically significant (p <
0.0001), ranging from 0.60 for LDL to 0.79 for BMI (Table
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Table 1: Principal component trait loading values (rotated values).

http://www.biomedcentral.com/1471-2156/4/s1/S53

Trait PCI PC2 PC3
Log Chol 0.96 0.03 0.08
HDL -0.17 -0.73 0.21
LDL 0.99 0.01 -0.03
Log TG 0.11 0.79 0.16
BMI -0.04 0.44 0.54
Log SBP 0.07 -0.15 0.83
Major determinants of the PC were considered traits with loading values = 0.30.
Table 2: Variance and heritability estimates for individual traits and principal components.
Trait Mean (SD) H2rA (SE)
1 Log Chol 5.32(0.17) 0.63 (0.04)
2 HDL 50.22 (11.64) 0.71 (0.03)
3 LDL 128.89 (37.90) 0.60 (0.04)
4 Log TG 4.83 (0.48) 0.62 (0.04)
5 BMI 26.74 (4.79) 0.79 (0.03)
6 Log SBP 4.88 (0.12) 0.75 (0.03)
PC1 112 (Log Chol + LDL) 0.62 (0.04)
PC2 1/2 BMI + (Log TG - HDL) 0.80 (0.03)
PC3 Log SBP + 2/3 BMI 0.74 (0.03)
AH2r represents the polygenic contribution and H2q| the contribution of major gene (H2r + H2ql = overall heritability).
Table 3: Genome-wide linkage results for principal components.
Component Peak Maximum LOD Chromosome Position (cM) Marker
PCt - No LOD > 1.0
PC2 ... No LOD > 1.0
PC3 Peak | 1.18 3 132 False +
Peak 2 1.07 7 137 bl10 @ 124 (height)
Peak 3 .16 IS 20 False +

2). Standard errors for the heritabilities for all QTs and
PCs were typically between 0.03 and 0.04

For PCs, linkage analysis only yielded LOD scores greater
than 1.0 but less than 2.0 for PC3 (SBP + 2/3 BMI). Two
of the three LOD:s in this range were false-positive results
according to our criteria, while the third LOD identified a
minor gene (b10) contributing 1% of trait variation for
height (Table 3).

For individual traits, no LOD scores > 1.0 were observed
for log Chol, HDL, LDL, or log SBP (Table 4). Log TG
yielded two LOD scores between 1.0 and 2.0, both of
which were false-positive findings, while BMI produced

31 LOD scores > 1.0, with 4 scores > 2.0. When consider-
ing the LODs between 1.0 and 2.0 for BMI, 26 of 27
(96%) were false-positive results, while 1 LOD score iden-
tified a gene for height, a component of the BMI quantita-
tive trait. Of the 4 LOD scores greater than 2 for BMI, 2
were false positive, 1 was essentially unrelated to the BMI
trait identifying genes for cholesterol and HDL, while only
the highest LOD (5.4) identified a gene contributing 40%
to trait variance for weight.

Table 5 indicates the linkage results within 20 cM of the
two pleiotropic genes, b12 and b13, that contribute the
largest proportion to the phenotypic variance of both
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Table 4: Genome-wide linkage results for individual traits.

http:/www.biomedcentral.com/1471-2156/4/s1/S53

Trait Peak Maximum LOD Chromosome Position (cM) Marker

Log Chol --- No LOD > 1.0

HDL .- No LOD > 1.0

LDL .- No LOD > 1.0

Log TG Peak | 1.55 12 166 False +
Peak 2 1.02 19 68 False +

Log SBP No LOD > 1.0

BMI Peak 8 i 3.0 4 35 False +
Peak 19 274 1 50 b30 @66 (Chol) b2!

@45 (HDL)

Peak 23 5.40 I3 ss bl 1 @70 (Weight)
Peak 26 221 15 1S False +

TG = triglycerides, Chol = Chdlesterol, SBP = systemic blood pressure, BMI = body mass index

Table 5: Unblinded major pleiotropic genes influencing TG and HDL-linkage results.

PC |
172 (Log Chol + LDL)

PC 2 112 BMI + (Log TG - HDL)

PC2 PC3

PC 3 Log SBP + 2/3 BMI

Gene Max LODA H2r8 H2ql8 Max LODA H2r® H2qi8 Max LODA H2r® H2ql8
G(b12)¢ 0.00 0.62 0.00 0.00 0.80 0.00 0.42 0.71 0.05
G(bI3)® 0.00 0.62 0.00 0.00 0.80 0.00 0.24 0.72 0.03

AMaxLOD, the maximum LOD score within approximately 20 ¢M of the gene.

BH2r represents the polygenic contribution and H2ql the contribution of major gene (H2r + H2ql = overall heritability).
CG(b12) is located on chromosome 9 at |1 ¢M (MaxLOD range: 0 ¢cM-35 cM).

OG(b13) is located on chromosome 9 at 83 ¢cM (MaxLOD range: 65 cM-105 cM).

HDL and TG. No elevated LOD score > 1.0 was identiﬁéd
for either PC1, PC2, or PC3. .

Discussion

Pleiotropic effects are a common phenomenon in
reported studies of complex disease. Methods are needed
to identify pleiotropic genes that may contribute differing
amounts to the variances of multiple phenotypes. To this
end, we chose to evaluate our ability to identify such
genes by PC analysis, followed by heritability estimates
and linkage analysis.

While our analysis was somewhat limited in terms of the
number of variables available in the complete data set, PC
analysis of the six variables identified three primary PCs
explaining 79% of the phenotypic variance. Covariates
(age, gender, and smoking) were adjusted prior to PC anal-
ysis, consistent with the strategy used by Moser et al.,
although concerns about the effect of these adjustments
on PC and heritability estimates arose [7]. We therefore
performed covariate adjustments before and after PC
analysis [data not shown] and found no significant differ-

ences in PCs, loading, or heritability. Overall, the PC anal-
ysis, in particular PC2, reflected the pleiotropic genes
(HDL and TG) modeled in the simulated data.

Heritability estimates were statistically significant for each
of the three major PCs, as were those for the traits evalu-
ated individually. Each PC heritability estimate was
consistent in magnitude with the trait heritabilities com-
prising the PC. PC2, which reflected the simulated model
best with respect to shared gene effects, had a heritability
estimate slightly higher than the two individual variables
(HDL and TG) in the PC and closer to that for BMI alone.
This higher heritability estimate for PC2 may reflect the
accuracy with which PC identifies/groups variables with
common genetic influence or it may reflect the significant
influence of BMI on this PC.

Several factors that may have contributed to limited
power in both our individual trait and PC linkage analyses
include sample size and composition (single replicate),
pedigree structure, and the number and size of genetic
effects. One of the challenges facing linkage mapping for
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complex disease traits is adequate sample size. Risch and
Merikangas state that the power of linkage for complex
disease is limited to the detection of only the strongest
lodi unless thousands of small families are utilized {8]. In
this report a total of 646 families were analyzed and thus
may not have provided ample power for the detection of
genes contributing modestly to trait variance. The analysis
of a single replicate in the GAW13 simulated data set may
also have hindered our ability to detect meaningful
linkage.

Studies have shown the PC approach may improve the
power to identify genes with pleiotropic effects involved
in complex disease [1,9,10]. While PC heritability esti-
mates were encouraging, we were unable to identify plei-
otropic genes. One very plausible explanation may be that
rather than a single gene with a major effect, the high her-
itability reflected many genes with small effects. While it
has been shown that the PC approach has greater power
to detect major pleiotropic genes [10], the power to detect
genes with small effects is likely to be limited. In addition,
our investigation was highly dependent on the extent of
pleiotropy modeled in the simulated data set as well as

our selection of variables for analysis. HDL, TG, and glu--

cose were modeled as pleiotropic traits; however our
investigation only considered HDL and TG (major com-
ponents of our PC2). Ideally, PC2 would have identified
at least the b12 gene contributing 20% and 10% to the
variance of HDL and TG, respectively. Several investiga-
tors have demonstrated increased power and precision in
identifying genetic effects when using multivariate
approaches for correlated traits [11,12]. However, in a
recent commentary, Meigs points out that the results of
such analyses can be influenced by both the number and
nature of variables included in the model [13]. The lack of
our ability to identify the b12 gene in this simulated data
set may have been due to the omission of glucose from
our model or may reflect the difficulty our method has in
identifying complex trait genes. Finally, while we utilized
the standard PC method and adjusted for covariates prior
to linkage analysis to maximize power, we may have
missed potentially important genetic effects by focusing
first on the PCs that explained the majority of phenotypic
variation.

In summary, PC analysis has been demonstrated in
reported studies of complex disease to localize regions of
the human genome likely to contain pleiotropic genes [1},
but may be influenced by factors such as the number and
effect size of pleiotropic genes involved as well as complex
trait variables available for inclusion in the PC analysis.
Further studies are needed to assess the utility of the PC
approach in complex disease.

http://www.biomedcentral.com/1471-2 156/4/s1/S53
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Abstract

Long-term estrogen exposure and family history of breast cancer are
the two factors that are most consistently found to be associated with
breast cancer risk. Sequence variants in genes involved in estrogen syn-
thesis, metabolism, and signal transduction may account, in part, for this
observation. Using data and DNA samples from the Shanghai Breast
Cancer Study, we tested the hypothesis that sequence variants of the
estrogen receptor f gene (ESR2) may be associated with increased risk for
breast cancer, particularly among women who have a high level and
long-term endogenous estrogen exposure. Direct sequencing of the ESR2
gene among 30 Chinese women revealed eight sequence variants. Associ-
ation analysis of six common sequence variants in 1134 cases and 1235
controls provided evidence for positive associations between breast cancer
risk and two single nucleotide polymorphisms (SNPs), [C(14206)T and
C(33390)G}, among postmenopausal women. Evidence of a stronger asso-
ciation was found for SNP [C(33390)G] among women with a long dura-
tion (234 years) of menstruation (odds ratio, 2.37; 95% confidence inter-
val, 1.18-4.77). A potential synergistic effect between SNP [C(33390)G]
and several steroid sex hormones was observed, and a 3—4-fold elevated
risk of breast cancer was found among women with a CG or GG genotype
in SNP {C(33390)G] combined with a high level of steroid sex hormone or
a low level of sex hormone binding globulin. Our results are consistent
with the hypothesis of a joint effect of estrogen receptor B sequence
variants and endogenous estrogen exposure on breast cancer risk.

Introduction

Breast cancer is the leading cancer among women in most parts of
the world, including Shanghai, the largest industrialized city in China.
The annual incidence rate for breast cancer was 27.5 per 100,000 in
Shanghai during 1993-94, approximately one-third of the rate for
their Caucasian counterparts in the United States (1). The etiology for
this common malignancy remains largely unknown. Of the many risk
factors identified for breast cancer, long-term estrogen exposure and
family history of breast cancer. are the two factors most consistently
reported from previous studies, including our studies in Shanghai (2).
In our recent study from Shanghai, we have shown that women with
breast cancer had substantially higher blood estrogen levels than
controls, and a >2-fold elevated risk of breast cancer was found
among postmenopausal women in the upper tertile of blood testoster-
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one or estrone, compared with those in the low tertile of these steroid
sex hormones (3).

Similar to other complex diseases, it is likely that a combination of
genetic susceptibility and exposure to endogenous and exogenous
factors increase the risk to breast cancer. Mutations in high penétrance
cancer susceptibility genes, such as the BRCAJ and BRCA2 genes,
confer a substantially elevated risk; however, they only account for
<10% of breast cancer cases in the general population due to their
low mutation frequencies. Other genes, particularly those involved in
estrogen synthesis, metabolism, and signal transduction, may also be
important in the etiology of breast cancer. Estrogen signaling is
largely mediated by ERs® « and B (ESR1 and ESR2); both are
members of the nuclear receptor superfamily of ligand-inducible
transcription factors. Although the ESR/ and ESR2 genes have a high
sequence similarity in their DNA- and ligand-binding domains, they
have distinct transcriptional activating function-1 domains and are
believed to possess different transcriptional activation properties (4).
ESR] and ESR2 have distinct tissue and cell expression patterns. In
normal breast tissue, ESR2 is constitutively expressed and is the
predominant ER in most cells. Various ESR2 splicing variants have
been found, and some of the splicing variants have been shown to
encode proteins in both normal and cancerous tissues (5, 6). In breast
cancer, the presence of ESRs is correlated with higher responsiveness
to hormone therapy and better prognosis. Thus far, the majority of
epidemiological association studies have focused on evaluating the
association between genetic polymorphisms in ESRJ and breast can-
cer risk. However, the results for several commonly examined ESR/
genetic polymorphisms have been mixed (7). We reported recently
some results from a large population-based case-control study among
Chinese women in Shanghai, showing that breast cancer risk was
associated with the Pvull polymorphism in intron 1 (8) and a GT
dinucleotide repeat polymorphism in the promoter region of the ESR/
gene (9). In the current study, we evaluated the hypothesis that certain
sequence variants of the ER B gene (ESR2) are associated with an
increased risk for breast cancer, particularly among women who have
a high level and long-term of estrogen exposure. This study includes
the following components: («) direct sequencing of the exons, exon-
intron junctions, and the promoter region to identify sequence variants
of the ESR2 gene among 30 Chinese women; (b) genotyping seven
relatively common sequence variants among all of the cases and
controls whose DNA samples were available at the time of this study:
and (c) assessment of the association of ESR2 sequence variants and
their interaction with estrogen exposure on breast cancer risk.

®The abbreviations used are: ER. estrogen receptor: Cl, confidence interval: UTR,
untranslated region; dNTP, dcoxynucleotide triphosphate; DHEA, dehydrocpiandros-
teronc; S. sulfate; DSL, wiagriosed Systems Laboratory Inc.; LD, linkage discquilibrium;
RR. relative risk; BMI, body mass index: SNP, single nucleotide polymorphisms.
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Materials and Methods

Study Population. Included in-the study were subjects recruited during
19961998 in the Shanghai Breast Cancer study, a population-based case-
control study of Chinese women in Shanghai. A detailed description of the
study was provided elsewhere (2, 10). Briefly, 1459 incident breast cancer
patients 25-64 yéars of age were enrolled in the study, along with 1556 healthy
control women who had a similar age distribution to the cases based on
frequency match. During the study, newly diagnosed breast cancer patients
were identified through a rapid case-ascertainment system, supplemented by
the population-based Shanghai Cancer registry. The cases enrolled in our study
represented 91% of the newly diagnosed breast cancer patients identified for
our study during the study period. The controls were randomly selected from
the general population in Shanghai, using resident registration information
provided by the Shanghai Resident Registry, which registers all of the perma-
nent residents in urban Shanghai. Before random selection, we first determined
the number of controls needed in each age group, at 5-year intervals, based on
the number of cases in the corresponding age group reported to the Shanghai
Cancer Registry in recent years. Once the numbers were determined, potential
controls were randomly selected using their resident registration number. After
the study eligibility of the identified potential control was confirmed, and an
in-person interview was scheduled and conducted by a trained interviewer. Of
those who were eligible for study, 90% completed an in-person interview.

The in-person interview was done with the use of a structured questionnaire,
which elicited information on demographic features, menstrual and reproduc-
tive history. use of sex steroid hormones, medical history, physical activity.
alcohol and tobacco use, dietary habits, and family history of cancer. Of the
1459 cases and 1556 controls who completed the in-person interview, morning
fasting blood samples were collected from 1193 cases (82%) and 1310 controls
(84%). The blood samples were processed to separate plasma within 6 h of
collection, and the plasma specimens were immediately stored at —70°C. DNA
samples of 2369 subjects were available at the time of the study.

We measured sex steroid hormones in a subset of cases and controls. Cases
included in this substudy were those whose blood samples were collected
before any cancer treatment. All of the postmenopausal cases and controls and
171 premenopausal case-control pairs were included in the study. For pre-
menopausal women, the cases and controls were matched individually on (+5
years) and their menstrual cycle, which was either within the first 10 days of
the menstrual cycle, matching mainly on follicular phase, or within 3 days after
the first 10 days, matching either on follicular phase or luteal phase. To control
for potential between assay variability, we adjusted the batch of hormone assay
in data analysis.

Genotyping Methods. The PCR products of 9 exons, exon-intron junc-
tions. the promoter region, and 3’ UTR of ESR2 were sequenced directly in 15
early orset breast cancer cases and 15 controls. The primers for PCR are
available.® All of the PCR reactions were performed in a 10-ul volume
consisting of 30 ng genomic DNA. 0.2 mum of each primer, 0.2 mM of each
dNTP, 1.5 mm MgCl, 20 mMm Tris-HClL 50 mam KCl, and 0.5 unit of Taq
polymerase (Life Technologies, Inc.). PCR cycling conditions were as follows:
94°C for 4 min; followed by 30 cycles of 94°C for 30 s, specified annealing
temperature for 30 s, and 72°C for 30 s; with a final extension of 72°C for 6
min. All of the PCR products were purified using the QuickStep PCR purifi-
cation kit (Edge BioSystems, Gaithersburg, MD) to remove dNTPs and excess
primers. All of the sequencing reactions were performed using dye-terminator
chemistry (BigDye; ABI, Foster City, CA) and then precipitated using
63 = 5% cthanol. Samples were loaded onto an ABI 3700 DNA Analyzer after
adding 8 ! of formamide. SNPs were identified using Sequencher software
version 4.0.5 (Gene Codes Corporation).

SNP genotyping was performed at the Center for Human Genomics, Wake
Forest University School of Medicine. All of the investigators at Wake Forest
University were blinded to the case-control status. To ensure the quality of
genotyping, each 96-well DNA plate was embedded with two duplicates of our
study subjects, two duplicates of Centre d’Etude du Polymorphisme Humain
controls (1347-02), and one water blank. All of the duplicates were later
determined to be identical for all seven of the SNPs, and no genotype was
observed for any of the blanks. SNPs were genotyped using the MassARRAY
system (SEQUENOM, Inc., San Diego. CA). PCR reactions were performed in

" 6 Internet address: http://www.wfubme.cduw/genomics.

a total volume of 5 ul with 10 ng of genomic DNA, 2.5 mM of MgCl,. 0.1 unit
of HotStarTaq polymerase (Qiagen Inc., Valencia, CA), 200 uM of dNTP, and
200 nM of primers. The PCR reactions started at 95° for 15 min. followed by
45 cycles of 95° for 20 s, 50° for 30 5, and 72° for ] min, with a final extension
of 72° for 3 min. The homogenous Mass Extend (hME) reactions were
performed in a total volume of 9 ul with 50 um each deoxynucleotide
triphosphate/dideoxynucleotide triphosphate (d/ddNTP), 0.063 u/ul of
Thermo Sequenase (both from SEQUENOM, Inc.), and 600 nM of extension
primers. The cycling conditions were 94° for 2 min. followed by 55 cycles of
94° for 5 s, 52° for 5 s, and 72° for 5 s. After cleaning up the hME reaction
products with the SpectroCLEAN, the products were transferred to a Spectro-
CHIP using SpectroPOINT, and then scanned through SpectroREADER.
Genotyping was done using SpectroTYPER.

Measurement of Steroid Hormones and Sex Hormone-Binding Globu-
lin (SHBG). A detailed description of the measurement of steroid hormones
and SHBG was provided elsewhere (3). Plasma concentrations of testosterone,
estradiol, estrone, estrone sulfate, DHEA-S. and progesterone were measured
directly without extraction. Measurement of steroids and SHBG in our study
was performed in a reference laboratory, at DSL (Webster, TX). Commercial
RIAs from DSL were used for the measurement of steroids; an immunoradio-
metric assay from DSL was used for SHBG. Technicians who performed the
tests did not know the source of the specimens.

Statistical Methods. Hardy-Weinberg Equilibrium tests for each sequence
variant and pair-wise LD tests among all of the sequence variants were
performed using the Fisher probability test statistic, as described by Weir (11).
For cach test, 10,000 permutations were performed, and the test statistic of
each replicate was calculated. Empirical Ps for each test were estimated as the
proportion of replicates that were as probable as or less probable than the
observed data, as implemented in the software package Genetic Data Analysis.
Various estimates of pair-wise LD such as Lewontin’s D* and the correlation
coefficient were calculated using the computer software SAS/Genetics.

Tests for association between sequence variants and breast cancer were
performed by comparing the allele frequencies between cases and controls in
a.x* test with 1 degree of freedom using the computer software SAS/Genetics.
Risk genotypes were arbitrarily defined based on the alleles that were more
common in cases than in controls and assuming a dominant model; ie.,
homozygous and heterozygous variant alleles as risk genotypes, and homozy-
gous nonrisk allele as a reference genotype. The choice of dominant models
was primarily because of the few homozygous risk allele carriers in this
population. Estimates of RR were calculated and adjusted for potential con-
founders. v

Association between the haplotypes of the six SNPs and breast cancer risk
was also performed using a score test developed by Schaid er al. (12), as
implemented in the computer program HAPLO.SCORE.”

For each steroid hormone, subjects were classified into low or high levels
based on the pre- or postmenopausal specific median levels. Years of men-
struation were calculated for postmenopausal women (age at menopause — age
at menarche), and premenopausal women (age at diagnosis — age at menarche
for cases, or age at interview — age at menarche for controls).

Results

The characteristics of cases and controls in this study are presented in
Table 1. Risk factors identified from this study were consistent with those
reported elsewhere (13). Sequence analysis in a subset of 30 subjects
revealed eight sequence variants (Table 2). Among these, three are in the
promoter region, two are in the coding regions (both are synonymous
changes), two are in the 3'UTR, and one is in intron 5.

Five common sequence variants where the frequency of a rare allele
was =15% [T(-11891)C, C(14206)T, G(25652)A, A(50766)G,
G(50995)A], as well as the synonymous change C(33390)G, were
genotyped among the 2369 study subjects. All of the SNPs were in
Hardy-Weinberg equilibrium in both cases and controls. There is
strong LD between all pairs of SNPs, with estimates of D’ between
0.89-1.00 (data not shown). The genotype frequencies of these SNPs

7 Internct address: http://www.mayo.cdu/statgen for the S-PLUS programming lan-
guage or http:/www.wfubme.edw/genomics for the R programming language.
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Table | Characteristics of case patients and control subjects in Shanghai Breast
Cancer Study :

Contro!
Case patients  subjects
(n = 1459) (n = 1556) P

Dcmographic factors

Age (ycars, mean = SD) 4779799 47242911 002

Education of high school or higher (%) 45.17 4434 0.64
Major risk factors

First degree of relatives with breast 37 2.44 0.04
cancer (%)

Ever diagnoscd with breast fibroadcnoma 9.6 5.01 <0.0001
(%)

Age at menarche < 14 years (%) 52.84 48.26 0.01

Age at menopause = 52 years (%)° 20.96 16.01 0.04

Agc at first live birth =< 27 ycars (%) 67.07 71.33 <0.0001

081 006 0.80x006 0.0005
23.53 £ 340 23.15+339 0.002

Waist to hip ratio (mcan % SD)
BMI (mean = SD)*

* © Among post-menopausal women.
#BMI = weight (in kilograms)/[height (in mctcrs)]zv

in all of the cases and controls, as well as in pre- or postmenopausal
women, are presented in Table 3. There was no statistically significant
difference in the allele frequencies between cases and controls for any
of the six SNPs in the whole dataset. However, among postmeno-
pausal women, the difference of allele frequencies between cases and
controls was found to be statistically significant for the SNP
C(14206)T (P = 0.03) and marginally significant for the SNP
C(33390)G (P = 0.07). No significant difference of allele frequencies
between cases and controls was observed for any of the SNPs in
premenopausal women.

One possible explanation for observing this association only in the
postmenopausal women may-be that these women generally have a

Tablc 2 Polymorphisms in the ESR2 gene identified in

INTERACTION OF ESR2 AND ESTROGENS IN BREAS'I: CANCER

longer lifetime exposure to estrogens. If this were true, we would
expect to observe a stronger association among women with greater
years of menstruation, regardless of menopausal status. To explore
this explanation, we identified women at the top quartile of menstru-
ation years in this population (234 years). This group included 315
premenopausal and 548 postmenopausal women. Stronger evidence
for association was observed for the SNP C(33390)G in this subset of
women after adjusting for menopausal status, age, age at first birth,
age at menarche, BMI, and family history (Table 4). Women with the
risk genotypes of this SNP (CG or GG) had a RR of 2.41 (95% CI,
1.19-4.86; P = 0.01) for breast cancer, compared with women with
the nonrisk genotype (CC). Similar results were observed when the
analysis was limited to postmenopausal women (data not shown).
Among women in the top quartile of menstruation years in this subset
(=36 years), carriers of these risk genotypes of the SNP C(33390)G
(CG or GG) had a RR of 3.62 (95% CI, 1.26~10.37; P = 0.01) for
breast cancer, compared with women with the nonrisk genotype (CC).

To additionally evaluate the possible modifying effect of endoge-
nous estrogen exposure on the genetic association of ESR2 variants
with breast cancer, we analyzed data on the combination of the risk
genotypes (CG or GG) at the SNP C(33390)G and levels of sex
steroid hormones separately for post- and premenopausal women.
Among the postmenopausal women (Table 5), subjects were at inter-
mediately increased risk for breast cancer if they had either a risk
genotype or a high level of each of the steroid sex hormones. In
general, the highest risk was observed for those who had both a risk
genotype and high levels of sex hormones (testosterone, estradiol, or
DHEA-S). Similar results were observed when the analysis was
limited to premenopausal women (data not shown in table).

30 women from the Shanghai Breast Cancer Study

SNP* Location” SNP ID

In human-mouse homologous region Exonic Splicing Enhancer

G(-12214)T Promoter (-1839) rs1271572

G(-11943)A Promioter (-568)

T(-11891)C Promoter {-515)

C(14206)T Intron 5 (16bp downstream of ¢4)

G(25652)A cxon 6 rs1256049 (V328V) Yes SRp55 (degencrate change)
C(33390)G cxon 7 rs1256054 (L392L) Yes SC35¢

CA(50766)G 3'UTR

G(50995)A 3'UTR SC35 (degenerate change)

“ The numbers indicate the SNP locations relative to the start codon ATG according to National Center for Biotechnology Information genomic contig NT_026437.
* The number indicates the SNP locations relative to the Refseq NM_001437, which contains the first untranslatcd cxon. The positions for the SNPs located in the promoter rogion

arc relative to the transcription start site.
€ Allele C: above background frequency; allele G: below background frequency.

Table 3 Association of ESR2 polymorphisms and breast

cancer risk among pre- and postmenopausal women

All women Premenopausal women Postmenopausal women

Cases n Controls n Cases n Controls n Cases n Controls n

SNP . (%) (%) P (%) (%) P (%) (%) P
T(-11891)C T 912 (81.5) 994 (82.1) 617 (82.8) 624 (81.0) 292 (79.1) 368 (84.2)
CcT 198 (17.7) 206 (17.0) 121 (16.2) 139 (18.1) 75(20.3) 65(14.9)

CcC 9(0.8) 11(0.9 0.78 7(0.9) 7¢0.9) 04! 2(0.5) 4(0.9) 0.11
C(14206)T CC 905 (82.3) 991 (83.4) 616 (83.8) 624 (82.5) 286 (79.7) 365 (85.3)
CT 185(16.8) 192(16.2) 113(15.4) 128(16.9) 70 (19.5) 62(14.5)

T 9(0.8) 5(0.4) 0.38 6(0.3) 4(0.5) 0.63 3(0.8) 1(0.2) 0.03
G(25652)A GG 480(43.1) 537 (44.4) 315(42.5) 340 (44.1) 163 (44.5) 194 (44.7)
AG 506 (45.5) 541 (44.8) 339(45.7) 352(45.7) 165 (45.1) 188 (43.3)

AA 127 (11.4) 131 (10.8) 0.5 88(11.9) 79(10.2) 0.34 38(104) 52(12.0) 0.76
C(33390G CC 1032 (93.5) 1145 (94.7) 687(93.7) 724 (94.0) 340(92.9) 417(95.9)

CcG 69 (6.3) 63 (5.2 44 (6.0) 46 (6.0) 25(6.8) 17(3.9) )

GG 3(0.3) L. 0.16 2(03) 0(0.0) 0.65 1(0.3) 1(0.2) 0.07
A(50766)G AA 346 (31.5) 407 (33.8) 231(31.6) 256 (33.6) 114(31.7) 150 (34.4)
AG 541(49.3) 570 (47.4) 359(49.0) 360(47.2) 180 (50.0) 207 (41.5)

GG 210(19.1) 226(18.8) 0.36 142(19.4) 147(19.3) 0.56 66 (18.3) 79(18.1) 0.55
G(50995A GG 834 (75.4) 907 (75.6) 553(74.9) 577(75.9) 276 (76.0) 327(75.2)
AG 256 (23.1) 267(22.3) 173 (23.4) 166 (21.8) 83 (22.9) 100 (23.0)

AA 16(1.4) 25(2.1) 0.84 12(1.6) 17(2.2) 0.28 4(1.1) 8(1.8) 0.64

@ P was based on X test for allele frequency differcnce between cases and controls,

7626




INTERACTION OF ESR2 AND ESTROGENS IN BREAST CANCER

Tablc 4 Association of ESR2 polvmorphisms and breast cancer risk among women with greater years of menstruation®

Number of subjects (%)

SNP Cases Controls RR? (95% CI) 4

T(-11891)C T 260 (78.1) 245 (81.9) Rcference
CT and CC 73(21.9) 54 (18.1) 1.27 (0.85-1.90) 0.25

C(14206)T cC 257(78.6) 246 (83.4) Reference
CTand TT 70(21.4) 49 (16.6) 1.37 (0.90-2.07) 0.14

G(25652)A GG 151 (45.5) 129 (43 .4) Reference
AG and AA 181 (54.5) 168 (56.6) 0.97 (0.70-1.35) 0.89

C(33390)G cc 303 (91.3) 284 (95.9) Reference
CG and GG 29 (8.7) 12(4.1) 2.41(1.19-4.86) 0.01

A(50766)G AA 107 (33.2) 96 (32.3) Reference
AG and GG 215 (66.8) 201 (67.7) 1.02 (0.72-1.44) 0.91

G(50995)A 251 (76.1) 225(75.8) Reference
AG and AA 79(23.9) 7224.2) 1.02 (0.70-1.49) 0.92

< Women with years of menstruation above upper quartile (234 years).

# Adjusted for menopausal status, age, age at first birth, age at menarche, BMI, and family history.

The association between haplotypes of the six SNPs and breast
cancer risk was also assessed. Five major haplotypes, with frequencies
of at least 1%, were inferred in this population. No association
between the haplotypes and breast cancer risk were detected in the
whole dataset or among the premenopausal women, using either an
omnibus test or individual haplotype. However, a suggestive associ-
ation between the haplotypes and breast cancer risk was detected
using an omnibus test in the postmenopausal women (P = 0.09). A
significant association (P = 0.02) was detected for a specific haplo-
type [C-T-G-C-G-G of the SNPs T(-11891)C, C(14206)T,
G(25652)A, C(33390)G, A(50766)G, and G(50995)A). This haplo-
type was more frequent in cases (10%) than in controls (7%).

Discussion

We hypothesize that sequence variants of the ER 8 gene (ESR2) are
associated with an increased risk for breast cancer, particularly among
women who have a high-level and long-term estrogen exposure. This
hypothesis was primarily based on consistent epidemiological evi-
dence and strong biological support for the critical roles of steroid

hormones, via activating ERs in the regulation of mammary cell
growth and differentiation. Numerous epidemiological studies consis-
tently suggest factors, such as early age at menarche and late age at
menopause, that increase the number of menstrual cycles (and there-
fore lengthen the exposure to estrogens) elevating breast cancer risk
(14). Studies from basic biology have shown that estrogens are strong"
mitogens for mammary cells, and numerous animal studies have
demonstrated that estrogens can induce and promote breast cancer,
whereas the removal of ovaries or administration of antiestrogens
such as tamoxifen can oppose the carcinogenesis process (14, 15).
Estrogen action is mediated primarily through binding to ERs (ESRs),
which then act as transcriptional factors by binding to specific ER
elements of target genes (16, 17), interact with other transcriptional
factors such as SP1, AP1, or nuclear factor «B in the absence of DNA
binding (18-21), or crosstalk with proteins in other signaling path-
ways such as raf-mitogen-activated protein kinase signaling and phos-
phatidylinositol 3’-kinase/Akt signaling pathways via nongenomic
effects (4, 22).

Most of the previous studies have focused on ER a (ESR/), and

Tablc 5 Joint effect of estrogens and ESR2 sequence variants on breast cancer risk among postmenopausal women

Hormones® C(33390)G Cases Controls RR” (95% CI) Vol
Testosterone

Low CC 80 222 Reference

High cc 97 181 2.11(1.37-3.23) 0.0007

Low CG and GG 6 9 2.38 (0.73-7.78) 0.15

High CG and GG 9 6 6.63 (1.92-22.89) 0.003
Estradiol

Low cC 100 200 Reference

High - CC : 7 203 0.96 (0.64-1.45) 0.84

Low CG and GG 3 7 0.97 (0.22-4.39) 0.97

High CG and GG 12 8 3.96 (1.36-11.56) 0.01
Estronc

Low cC 77 235 Reference

High . cC 99 164 1.59 (1.07-2.37) 0.02

Low CG and GG 8 8 3.66 (1.21-11.05) 0.02

High CG and GG 7 7 2.18 (0.62-7.59) 0.22
Estronc-S

Low cC 72 218 Reference

High CC 104 185 1.63 (1.10-2.42) 0.01

Low CG and GG 7 7 3.62 (1.08-12.05) 0.04

High CG and GG 8 8 3.12(0.93-10.52) 0.06
DHEA-S

Low cc 74 213 Reference

High cC 101 184 1.71 (1.15-2.55) 0.008

Low CG and GG 4 8 1.78 (0.47-6.74) 0.40

High CG and GG 11 7 5.18 (1.68-15.94) 0.004
SHBG

High cC 75 219 Reference

Low cc 104 184 1.24 (0.82~1.86) 0.30

High CG and GG . 5 6 3.59 (0.95-13.65) 0.06

Low CG and GG 10 9 2.55 (0.83-7.86) 0.10

< Using post: p 1 specific

dian to dividc into high or low steroid hormonc levels.

# Adjusted for age, age at first birth, age at menarche. age at menopause, BMI, and batch for hormone mcasurcment.
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several epidemiological studies have shown that genetic polymor-
phisms in the ESRI gene may be associated with breast cancer risk (9,
10, 23). The importance of ESR2 in breast cancer has not been
recognized until very recently (24). ESR2 and ESR! have distinct
cellular distributions, regulate separate sets of genes, and oppose each
other’s actions when regulating some genes. ESR2 is widely expressed
in both normal and malignant breast, and there are proliferating cells
in the breast that express ESR2. Considering the fact that only a subset
of women who have a high level or long-term estrogen exposure
develop breast cancer, it is possible that the risk of breast cancer may
be modified by polymorphisms in genes, such as ESR2, that are
involved in the regulation of estrogen effect in breast tissues. The
results of this study appear to be consistent with this hypothesis.

However, caution should be taken when interpreting our findings.
In particular, type I errors are a concern in association studies of
genetic polymorphisms, given the fact that multiple comparisons are
often made. It is difficult, however, to adjust the Ps for multiple
comparisons in this study, because these sequence variants are not
independent due to strong LD. The hormone levels are not independ-
ent either, with significant interclass correlation coefficients. In addi-
tion, because the functional relevance of the polymorphisms evaluated
is unknown, additional epidemiological studies and functional studies
are needed.

Our results are also susceptible to multiple sources of measure-
ment variation associated with steroid hormones. However, we
have paid particular attention to minimize such random variation
by using an individual matched study design that enhances the
comparability between cases and controls, as well as by minimiz-
ing the variability of laboratory testing from batch to batch (be-
tween-assay variation).

At present, the mechanism by which the SNP C(33390)G interacts
with hormones and affects breast cancer risk is unknown. The ob-
served association may be due to a causal effect of the SNP or through
other as yet unknown flanking sequence variants in LD with this SNP.
Although C(33390)G is a silent synonymous change, results from
multiple studies have shown that synonymous changes may inactivate
genes by inducing the splicing machinery to skip the exons (25-28).
In fact, the SNP C(33390)G is located in an exonic splicing enhancer
motif (in the binding site for splice factor SC35), and, thus, may affect
the accuracy and efficiency of ESR2 pre-mRNA splicing. The C allele
of C(33390)G was preferentially found in the SC35 enhancer element
at this particular position (has above background frequency in SC35
consensus sequence), whereas the G allele had below background
frequency and may have an adverse effect on the splicing efficiency
of exon 7. In addition, we observed an association between G allele
carriers of the SNP and self-reported fibroadenoma risk in our study
(10.5% in 172 cases versus 5.5% in 2140 controls; RR, 2.0; 95% CI,
1.19-3.38; data not shown), providing additional support for a poten-
tial functional impact of this variant.

It is worth noting that the joint effect of higher estrogen levels and
ESR2 sequence variants was consistently observed for multiple estro-
gens and estrogen-related steroids, including DHEA-S. One of the
major sources of steroid hormones in women is the synthesis in
intracrine tissues from the inactive precursors DHEA and DHEA-S of
adrenal origin; this intracrine synthesis is especially important after
menopause. The importance of steroid hormones from an intracrine
source is illustrated by several clinical trials that describe the benefits
of aromatase (which converts androgens to estrones) inhibitors in the
treatment of hormone-responsive metastasis (ER +) as well as primary
breast cancers in women (29-31). Higher circulating DHEA as well
as its sulfate conjugate (DHEA-S) provides the peripheral target
tissues more estrogen precursor and may lead to higher local estrogen
levels. Higher estrogen levels, when conjugated with ESR that has

increased activity, can additionally increase the risk of breast cancer.
Again, caution should be exercised when interpreting the interaction
effect, especially given the small sample size for this particular part of
the study.

Our results, if confirmed, may have significant implications in the
prevention of breast cancer. Women with the “high-risk” ESR2 se-
quence variants could reduce their risk for breast cancer by reducing
their estrogen levels.
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Genomic structure and the expression patterns of RNASEL
Baoli Chang Amy Tolin', Fernando Segade’, Robert Silverman?, William B. Isaacs

Jianfeng Xu'

!Center for Human Genomics, Wake Forest University School of Medicine, Winston-
Salem, NC; “Department of Cancer Biology, Lerner Research Institute, Cleveland Clinic
Foundation, Cleveland, OH; *Brady Urological Institute, Johns Hopkins Medical
Institutions, Baltimore, MD

RNase L is a single-strand-specific endonuclease that functions as the terminal enzyme
component of the interferon-inducible 2-5A synthetase/RNAase L antiviral pathway.
Recently, the gene encoding RNase L, RNASEL, was identified as a strong candidate for
the prostate cancer susceptibility gene at the HPC1 locus. However, neither the public
databases nor published studies have fully described and annotated the complete genomic
structure of the RNASEL gene. In this study, we performed 1) Northern-blot analysis to
estimate the approximate size of the RVASEL transcript, as well as the expression levels
in various tissues, 2) RT-PCR to quantify the number of exons, 3) 5°- and 3°-RACE to
define both ends of the RNASEL transcript. With a “RNASEL-unique” sequence for our
northern probe, we were able to avoid cross-hybridization to homologous proteins and
identify single transcript specie at ~4.4kb. In addition, the highest expression was found
to be in the prostate, followed by testis and small intestine. The rest of the tissues have
very low RNASEL expression levels. To determine the total number of exons, as well as
the 5°- and 3’- end of the RNASEL transcript, we carried out RT-PCR, 5’- and 3’-RACE.
A 7-exon model, including an untranslated 1** exon which is not annotated by NCBI, was
suggested both by our experimental data and computational annotation based on an EST
database search. Interestingly, comparative genomic analyses between human RNASEL
and mouse Rnasel loci identified several homologous regions in the proximal promoter
and exon 1, which indicate a common transcriptional regulation mechanisms between the
two species.
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Sequence Variants of Toll-Like Receptor 4 Are Associated with Prostate Cancer
Risk: Results from the CAncer Prostate in Sweden Study
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ABSTRACT

Inflammation has been implicated as an etiological factor in several
human cancers. Growing evidence suggests that chronic inflammation
may also play a role in the etiology of prostate cancer. Considering that
genetic susceptibility is a major risk factor for this disease, we hypothesize
that sequence variants in genes that regulate inflammation may modify
individual susceptibility to prostate cancer. The lipopolysaccharide recep-
tor Toll-like receptor 4 (TLR4) is a central player in the signaling path-
ways of the innate immune response to infection by Gram-negative bac-
teria and is an important candidate inflammatory gene. We performed a
systematic genetic analysis of TLR4 sequence variants by evaluating eight
single-nucleotide polymorphisms that span the entire gene among 1383
newly diagnosed prostate cancer patients and 780 age- and residence-
matched controls in Sweden. We found an association between a sequence
variant (11381G/C) in the 3’-untranslated region of the TLR4 gene and
prostate cancer risk. The frequency of the variant genotypes (CG or CC)
was significantly higher in the patients (24.1%) than in the controls
(19.7%; P = 0.02). The frequency of risk genotypes among patients
diagnosed before the age of 65 years was even higher (26.3%). Compared
with men who had the wild-type genotype of this single-nucleotide poly-
morphism (GG), those with GC or CC genotypes had a 26% increased
risk for prostate cancer (odds ratio, 1.26; 95% confidence interval, 1.01-
1.57) and 39% increased risk increased risk for early onset prostate
cancer (before age 65 years; odds ratio, 1.39; 95% confidence interval,
1.02-1.91). The risk attributable to this variant for prostate cancer in
Sweden was estimated to be 4.9%. Although the biological mechanism of
the observed association remains to be elucidated, our finding supports a
role for a bacteria-associated response pathway, possibly acting via in-
flammation, in the development of prostate cancer.

INTRODUCTION

Chronic or recurrent inflammation is known to play a causative role
in the development of many human cancers, including cancers of the
liver, esophagus, stomach, large intestine, and urinary bladder (1).
Inflammatory changes have long been recognized in prostate tissues,
leading to speculation that chronic inflammation might contribute to
prostate cancer development (2). The role of prostate inflammation in
prostate cancer was strongly implicated in the recently proposed
theory that proliferative inflammatory atrophy serves as a precursor to
prostatic intraepithelial neoplasia and to prostate cancer (3, 4). The
identification of two candidate prostate cancer susceptibility genes
(RNASEL and MSRI) that encode proteins with critical functions in
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host responses to infections provides additional support for a role of
inflammation in prostate cancer development (S5, 6).

Chronic infection and inflammatory processes that may lead to
tumorigenesis are mediated in part through recognition of various
stimuli by Toll-like receptors (TLRs; Ref. 7). Among these TLRs,
TLR4 recognizes Gram-negative bacterial products, including lipopo-
lysaccharide (8), the antitumor compound taxol in the mouse but not
in humans (9), and human heat shock protein 60 (10). Differential
activation of 7LR4 by this array of naturally occurring or synthetic
ligands subsequently induces distinct downstream processes, includ-
ing the expression of inflammatory genes as well as regulation of cell
growth/apoptosis. Conceivably, improper regulation or compromised
function of TLR4 may contribute to various inflammatory diseases,
including cancer.

On the basis of the potential importance of inflammation and
inflammatory genes in prostate cancer development, we hypothesized
that sequence variants of TLR4 are associated with prostate cancer
susceptibility. To test this hypothesis, we performed a systematic
genetic analysis in a large population-based prostate cancer case-
control study in Sweden.

MATERIALS AND METHODS

Study Population. The cases studied came from the large-scale, popula-
tion-based case-control study CAncer Prostate in Sweden (CAPS). The case
participants were recruited from four of the six regional cancer registries that
cover the entire population of Sweden. Each of these four registries serves one
health care region (Northern, Central, Stockholm, and South Eastern); the four
registries altogether encompass ~6 millions inhabitants (67% of Sweden's
population). Reporting of newly diagnosed cancer cases to the registries is
required by law for both the attending physician and pathologist; therefore, the
registries include almost 100% of all cancers diagnosed in Sweden.

In the CAPS study, the source-person-time comprises men living in the area
of Orebro and the northern part of Sweden (Vistemorrland, Yamtland, Vister-
botten, and Norrbotten) from January 1, 2001, as well as men living in the
areas of Vistmanland, Sodermanland, Gévleborg, Dalarna, Virmland, and
Uppland from July 1, 2001, until September 2002 (except for Jimtland and the
county of Lycksele in Visterbotten, where the source-person-time ended
March 1, 2002). The source-person-time was divided into two age-specific
study bases. The first study base included men age 35-65 years of age living
in all of the regions mentioned above. The second study base included men
66-79 years of age living only in the areas of Orebro, Vistmanland, Soder-
manland, and the northern part of Sweden.

The inclusion criterion for cases in CAPS was pathologically or cytologi-
cally verified adenocarcinoma of the prostate (ICDO = C61). After receiving
notification of a new case, the administrator at the regional cancer registry
mailed a letter to the treating physician informing him or her about the study.
The physician was asked to indicate whether the patient was able to participate
in the study. If so, the physician mailed a letter to the patient to introduce the
study and asked him to send a reply letter to the administrator at the cancer
registry. After approval from both the physician and the patient, the study
secretaries sent a questionnaire and a kit with tubes for blood sampling to he
eligible case. The self-administered questionnaire included questions concern-

-DOI: 10.1158/0008-5472.CAN-03-3280
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ing such items as diet (validated food questionnaire), family history, smoking,
and physical activity.

In total, 1961 prostate cancer cases were invited to participate; of these,
1444 (73.6%) agreed to participate by donating a blood sample and/or answer-
ing the questionnaire. DNA was available for 1383 (95.8%) of the cases that
participated. Clinical data that were not included in the Cancer Registry were
obtained from the National Prostate Cancer Registry.® The cases were linked
to the National Prostate Cancer Registry, and clinical information such as
tumor-node-metastasis (TNM) stage, Gleason sum, prostate-specific antigen
(PSA) level at the time of diagnosis, means of diagnosis, and primary treatment
were obtained for 95.3% of the cases. The cases were thereafter classified as
either localized (T, and No/Ny and My/My; grade I-IT; Gleason sum, 2-7;
and PSA <100) or advanced (prone to progressive disease; T3, or N+ or M+,
or grade ITI, or Gleason sum of 8-10, or PSA >100).

Control subjects were randomly selected from the updated Swedish Popu-
lation Registry based on frequency matching to the expected age distribution
(within 5 years) and geographic origin of the cases. After the controls were
identified, a letter of introduction to the study was mailed to each control.
Three to 4 weeks later, the same questionnaire and blood sampling kit that
were used for the cases were mailed to the controls. Of the 1697 randomly
selected controls invited, 866 (52.0%) agreed to participate by donating a
blood sample and/or completing a questionnaire. DNA was available for 780
(90.9%) of the controls that participated. Eight potential control subjects were
excluded after linkage to the National Cancer Registry revealed that they had
a diagnosis of prostate cancer before inclusion.

To improve the response rate, cases and controls were recontacted three
times; after 1-2 weeks with a follow-up letter, after 6-8 weeks with a new
questionnaire and blood draw kit, and after ~12 weeks with 2 phone call. The
clinical characteristics of the study subjects are presented in Table 1. Mean age
(age at diagnosis for cases and age at inclusion for controls) for the cases and
controls were 66.60 and 67.90 years, respectively.

This study was approved by the Ethical Committees at the Karolinska
Institutet and at Ume& University. Written informed consent was obtained from
each subject.

Genotyping Methods. All participants in this study were instructed to
donate blood (4 X 10 ml) at the nearest health clinic or hospital. Samples were
thereafter kept at room temperature and sent by overnight mail to the Medical
Biobank at Umed University. After arrival at the Biobank, leukocytes, eryth-
rocytes, plasma, and serum were separated into different tubes. Samples were
stored at —70°C unti] time for analysis. DNA samples were extracted from
whole blood by standard methods and were shipped from Ume3, Sweden to the
genotyping laboratory in the Center for Human Genomics at Wake Forest
University. Each DNA plate contained 2 CEPH controls, a water blank, and
blinded internal replicates. Researchers at Wake Forest University were
blinded to case status. Genotyping was performed with the MassARRAY
system (SEQUENOM). SpectraDesign software was used to generate the
primers. Primer sequences and PCR conditions for these sequence variants are

available at the authors® website.”

Selection of TLR4 single-nucleotide polymorphisms (SNPs). The
genomic structure of the TLR4 gene has not been completely elucidated. The
gene is ~11.5 kb and is composed of four exons. There are four known TLR4
transcript isoforms (A, B, C, and D) that result from alternative splicing of the
four exons and different translation start sites. The poly(A) tail has been
annotated only for isoform D. Our goal in this study was to evaluate common
haplotypes of TLR4 sequence variants with use of a limited number of SNPs.
To achieve this goal, we first selected a subset of reported SNPs from the
National Center for Biotechnology Information (NCBI) dbSNP and IIPGA
databases, using the criteria of minor allele frequencies 25% and a density of
1 SNP/kb across the TLR4 targeted genomic region, including 2 kb of the
promoter, all exons, introns, and the predicted 3’-untranslated region (UTR).
We also selected a subset of functional and coding SNPs regardless of the
frequency and density. A total of 18 SNPs were selected (Fig. 1), including 4
reported nonsynonymous changes (D299G, V310G, E474K, and Q510H,
defined based on isoform A). The previously described nonsynonymous
change T399I was not selected because it has been reported to be in strong
linkage disequilibrium (LD) with the nonsynonymous change D299G (11). We

S http:#/www.roc.SE.
7 www.wfubme.edu/genomics.

Table 1 Characteristics of study subjects in the CAncer Prostate in Sweden | study

Age at diagnosis
45-65 years 66-80 years
n % n %

T stage
To 3 045 3 0.46
T, 259 39.24 200 30.96
T, 234 3545 208 3220
T, 144 21.82 207 32.04
Ty 20 3.03 28 433
Missing 44 33

N stage
No 157 85.79 66 77.65
N, 26 14.21 19 2235
Missing 521 594

M stage
M, 328 83.04 250 79.62
M, 67 16.96 64 20.38
Missing 309 365

Gleason score
=4 29 4.67 24 4.21
5 79 12.72 63 11.05
6 236 38.00 185 3246
7 177 28.50 188 32.98
8 53 8.53 70 12.28
9 40 6.44 37 6.49
10 7 113 3 0.53
Missing 83 109

Differential
GI 35 13.51 34 13.23
Gl 154 59.46 151 58.75
GIIl 70 27.03 72 28.01
Missing 445 422

PSA? levels
<4 49 7.46 26 4.07
4-9.99 264 40.18 169 2645
10-19.99 139 21.16 152 23.79
20~49.99 92 - 14.00 128 20.03
50-99.99 49 7.46 77 12.05
=100 64 9.74 87 13.62
Missing 47 40

“PSA, prostate-specific antigen.

then genotyped these SNPs in a subset of 96 control subjects. Nine of these
SNPs, including E474K and Q510H, were monomorphic in these 96 subjects.
The nonsynonymous change V310G was observed only once. The remaining
eight SNPs were observed multiple times and thus were selected for genotyp-
ing among all case and control subjects whose DNA samples were available at
the time of this study.

TLR4 RNA Analyses. The 3’-UTR boundary of 7LR¢ mRNA was deter-
mined by 3’ rapid amplification of cDNA end (RACE) on a prostate poly(A)+
RNA template. We used the SMART RACE c¢DNA amplification kit (Clon-
tech) according to the manufacturer’s recommendations. The gene-specific
primer used in the RACE reaction was 5’-ggatccctccectgtacecttcteact-
gecaggag-3'.

Statistical Analysis. Hardy-Weinberg equilibrium tests for each of the
eight sequence variants and pair-wise LD tests for all pairs of the eight
sequence variants were performed with the Fisher probability test statistic, as
described by Weir (12). For each test, 10,000 permutations were performed,
and the test statistic of each replicate was calculated. Empirical Ps for each test
were estimated as the proportion of replicates found to be as probable as or less

probable than the observed data, as implemented in the software package

Genetic Data Analysis. The estimates of pair-wise LD (D’) were calculated
with the SAS/Genetics computer software package.

Allele frequency differences between the two groups were tested for each
SNP by the x* test with 1 degree of freedom (df). Genotype frequency
differences were also tested by the x* test with 2 degrees of freedom. Both tests
were performed with the SAS/Genetics computer program. Odds ratios (ORs)
of prostate cancer for the variant-allele carriers (homozygous and heterozy-
gous) versus homozygous wild-type allele carriers were estimated by uncon-
ditional logistic regression and adjusted for age and geographic regions.
Attributable risk was estimated using the formula: 100% X p(OR — 1)
[P(OR — 1) + 1], where p is the prevalence of risk genotypes in a population
(13).

AQ:G




Fn8

Fn9

| battt/zch-can/zch-can/zch00804/zch4730-04a | fiemingj [ S=6 | 3/1/04 | 14:00 [ Art: 03-3280 | Input-im |

‘ASSOCIATION OF TLR4 AND PROSTATE CANCER

Fig. 1. Toll-like receptor 4 (TLR4) genomic struc-

ture, with four known transcript isoforms (A, B, C, and
D). Sequence variants are indicated at the top of the
figure. All variants shown were screened in 96 con-

trols. Shaded variants were genotyped in all study
subjects.

Haplotype frequency was estimated with the new statistical method pro-
posed by Stephens et al. (14), as implemented in the computer program
PHASE.® When several runs were performed with different values for the seed
of the random number generator, the goodness-of-fit values were similar
among the different runs. Association between the haplotypes and prostate
cancer risk was performed with a score test developed by Schaid et al. (15), as
implemented in the computer program HAPLO.SCORE.?

RESULTS

Eight SNPs, including one nonsynonymous change (D299G), were
genotyped in all study subjects, including 1383 cases and 780 con-
trols. Because the SNP 7449G/T (rs2149356) significantly deviated
from Hardy-Weinberg equilibrium in both cases (P < 0.0001) and
controls (P = 0.0006), it was removed from further statistical analy-
sis. The remaining seven SNPs were in Hardy—~Weinberg equilibrium
among cases and controls, respectively (all » > 0.05). These SNPs
were in strong LD: most of the pair-wise D’ estimates were 1.0 with
the lowest one being 0.63.

Testing for allele frequency differences between cases and controls
revealed one SNP (11381G/C) with a marginally significant differ-
ence between cases and controls (Table 2). The frequency of the C
allele for the SNP 11381G/C was 0.13 and 0.11 in cases and controls,
respectively (P = 0.05). The genotype frequencies of CC or CG for
this SNP were 24.1% and 19.7% in cases and controls, respectively.
The difference in genotype frequencies between cases and controls

was larger 62 = 7.77; df, 2; P = 0.02). In logistic regression analyses

(Table 3), men who had the genotypes CC or CG had a 26% increased
risk (OR = 1.26, 95% confidence interval, 1.01-1.57) for prostate
cancer compared with men with the genotype GG for this SNP
(adjusted for age and geographic regions). Furthermore, men who had
the genotypes CC or CG were at a 39% increased risk (OR = 1.39;
95% confidence interval, 1.02-1.91) for an early diagnosis of prostate
cancer. The high-risk genotypes of SNP 11381G/C were present in
19.7% of control individuals, 24.1% of all cases, and 26.3% of cases
diagnosed at age <65 years. The overall proportion of prostate cancer
risk in this population that was attributable to the risk genotypes was
4.9%.

There was no statistically significant association between the other
six SNPs and prostate cancer risk. The frequency of the variant allele

8 http://www.stats.ox.ac.uk/mathgen/software.html.
2 hetp:/fwww.mayo.edu/statgen for the S-PLUS programming language; http://www.
wfubme.edu/genomics for the R programming language.
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G of the nonsynonymous change D299G was similar in cases (0.051)
and in controls (0.057; P = 0.31). Among the prostate cancer patients
only, no association was found between any of the SNPs and clinical
characteristics such as age of diagnosis (<65 versus =65 years),
Gleason score (<8 and =8), or PSA levels (data not shown). The
difference in the genotype frequency of 11381G/C between cases with
a Gleason score <8 (24.2%) and =8 (23.8%) was not statistically
significant. The age-adjusted means for total PSA levels were 16.0,
99.1, and 83.7 among the cases with the CC, CG, and GG genotypes
of this SNP, respectively (P = 0.18).

Haplotype analysis did not provide additional support for an asso-
ciation between TLR4 haplotypes and prostate cancer risk (data not
shown). There were seven inferred haplotypes in this population based
on these seven SNPs. The overall frequencies of these haplotypes
were not significantly different (x* = 6.52; df, 6; P = 0.37). The
haplotype containing the C allele of SNP S61381 (haplotype A-T-A-
A-A-G-C of SNPs —2026A/G, —1607T/C, 3622A/C, 3748A/C,
D299G, 9615G/A, and 11381G/C) was present at a higher frequency
in cases (12.43%) than in controls (10.35%; P = 0.04).

Because there has been some controversy regarding the boundary
of the 3’-UTR for the TLR4 gene, we performed a 3’ RACE experi-
ment to further define the 3" end of 7LR4 mRNA expressed in
prostate. Our 3’ RACE results indicated that the 3’-UTR of TLR4 is
1691 bp longer than the 1127-bp NCBI-annotated 3'-UTR, with a
total length of 2818 bp. These result indicate that the last SNP in our
association study, 11381G/C, is actually located in the middle of the
TLR4 3'-UTR.

DISCUSSION

There is growing evidence that chronic inflammation may play a
role in the development of cancer within several organs, including the
prostate. We are in the process of systematically evaluating possible
associations between sequence variants of numerous inflammatory
genes and prostate cancer risk. 7LR4 is a central player in the
signaling pathways that control the innate immune response and was
selected to be among the first group of genes to be evaluated. We
hypothesized that variations in TLR4 expression and function may be
associated with individual susceptibility to cancer. To test this hy-
pothesis, we performed a systematic genetic analysis of TLR4 se-
quence variants in ~2100 men with or without prostate cancer in
Sweden. We found a significant association between a sequence
variant in the 3’-UTR of the TLR4 gene. This variant conferred a 26%
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Table 2 Genotype frequency of Toll-like receptor 4 (TLR4) single-2 nucleotide polymorphisms

Subjects, n (%)

SNP” (dbSNP) Location Amino acid Genotype Cases Controls P
~2026A/G Promoter AA 625 (45.45) 341 (43.94)
AG 596 (43.35) 354 (45.62)
GG 154 (11.20) 81 (10.44) 0.8
—-1607T/C Promoter T 991 (72.07) 571 (73.39)
TC 350 (25.45) 194 (24.94)
cC 34(2.47) 13 (1.67) 034
3622A/C Intron AA 1228 (90.56) 680 (88.66)
AC 128 (9.44) 82 (10.69)
CC 0(0.00) 5 (0.65) 0.07
3748A/C Intron AA 1327 (96.02) 747 (96.02)
AC 53(3.84) 31(3.98)
. CcC 2(0.149) 0 (0.00) 0.87
T449G/T (1s2149356) Intron GG 603 (51.89) 331 (52.62)
TG 423 (36.40) 224 (35.61)
TT 136 (11.70) 74 (11.76) 0.83
8552A/G (rs4986790) Coding D299G AA 1241 (90.06) 693 (89.19)
AG 136 (9.87) 79 (10.17)
. GG 1(0.07) 5 (0.64) 031
9615G/A (rs5030721) Coding GG 1355 (98.12) 766 (98.21)
AG 25 (1.81) 14 (1.79)
AA 1(0.07) 0 (0.00) 0.79
11381G/C 3’-UTR GG 1047 (75.87) 625 (80.33)
CG 318 (23.04) 141 (18.12)
CcC 15 (1.09) 12 (1.54) 0.05

? SNP, single-nucleotide polymorphism; UTR, untranslated region.
© From ATG of Isoform A (NM_138554.1)
¢ Test for allele frequencies.

increased risk of prostate cancer in the study population overall and a
39% increased risk of being diagnosed with prostate cancer before age
65. The risk of prostate cancer in Sweden attributable to this variant
was estimated to be 4.9%. Our study represents the first comprehen-
sive evaluation of association between sequence variants of the TLR4
gene and cancer susceptibility.

Although the observed ~1.3-1.4-fold increase in risk is modest,
this is probably consistent with the magnitude of risk that we expect
to observe for such a heterogeneous disease. Because genes in mul-
tiple pathways (such as androgen metabolism, growth factor, phase I
and II detoxification, DNA repair, and inflammation) may alter the
risk for prostate cancer, each individual gene is likely to contribute
only a modest risk. This phenomenon is observed in other complex
diseases, as reported in the most recent meta-analysis of genetic
association studies in complex diseases (16). After evaluating 301
published studies that attempted to replicate reported disease associ-
ations for 25 different genes, the authors of that pooled meta-analysis
confirmed the disease associations for 8 of those genes. Interestingly,
seven of these eight genes were associated with modest estimated
genetic effects (OR between 1.07 and 1.76) in the pooled analyses.
They concluded that there are probably many common variants in the
human genome with modest but real effects on common disease risk
and that studies using large samples are needed to convincingly
identify such variants.

When considering the likelihood that this finding represents a true
association between the SNP 11381G/C and the disease, it is impor-
tant to examine the possibility of spurious effects due to chance
(multiple comparisons), as well as confounding due to population
stratification. Although there were seven significance tests for the
primary hypothesis, these tests were not independent because these
SNPs are in strong LD. It is unclear how we might make an appro-
priate adjustment; however, the degree of inflated type I error should
be minimal. Similarly, although the observed differences in allele and
genotype frequencies could be due to differences.in the genetic
background of the two groups, rather than disease status (i.e., popu-
lation stratification), this is unlikely in this study. Genetic heteroge-
neity is less of a concern in Sweden than in the United States. In

addition, this was a carefully designed population-based study. Al-
most all of the patients that met the inclusion criterion enrolled as
participants in this study. Control subjects were frequency matched to
cases ‘based on residence area and age. Furthermore, the higher
frequency of the risk genotypes (CC or CG) among cases diagnosed
before the age of 65 years (26.3%) compared with either cases
diagnosed at age 65 years or older (22.9%) or controls (19.7%)
provided additional support for this association. Finally, the large
number of study subjects decreases the possibility for statistical fluc-
tuation and significantly increases our confidence in interpreting the
results,

Although SNP 11381G/C is outside the NCBI-annotated 3'-UTR of
TLR4, previous studies have not clearly defined this 3’-UTR. In fact,
several expressed sequence tag clones were then identified by our
BLAST search against the human expressed sequence tag database, in
which we used ~2 kb of genomic sequence beyond the NCBI-
annotated 3’-UTR. This computational analysis result indicated that
the 3’-UTR boundary could be further downstream of the NCBI-
annotated 3’ end of TLR4. Further support was provided by our

Table 3 Odds ratios for prostate cancer among Toll-like receptor 4 (TLR4) single-

nucleotide polymorphisms -
SNP” and position Genotypes 0dd ratio” (95% CI)

—2026A/G AA 1.00

AG/GG 0.94 (0.78-1.12)
—1607T/C CcC 1.00

TC/TT 1.08 (0.88-1.32)
3622A/C AA 1.00

AC/CC 0.81 (0.62-1.10)
3748A/C AA 1.00

AC/CC 0.96 (0.61-1.52)
7449C/A (rs2149356) CC 1.00

AC/AA 1.02 (0.83-1.24)
8552A/G AA 1.00
{rs4986790), D299G AG/GG 0.93 (0.70-1.25)
9615G/A (rs5030721) GG 1.00

AG/AA 1.01 (0.52-1.96)
11381G/C GG 1.00

CG/ICC 1.26 (1.01-1.57)

2 SNP, single-nucleotide polymorphism; CI, confidence interval.
b Adjusted for age and geographic regions.
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experimental 3' RACE data, which showed that the 3’-UTR of TLR4
is 1692 bp longer than the NCBI annotation. Although SNP 11381G/C
is located 78 bp beyond the 1127-bp NCBI-annotated 3’-UTR, our
computational and laboratory studies show that this SNP is actually
located in the center of the 2818-bp TLR4 3'-UTR.

The observed association of SNP 11381G/C may be due to biolog-
ical impact associated with this variant, or it may indirectly reflect
another unobserved causal variant of TLR4 that is in LD with this
SNP. For example, SNP 11381G/C may itself influence the stability
of the mRNA species. Alternatively, other SNPs in this region that are
in strong LD with SNP 11381G/C may alter an AU-rich element motif
and affect mRNA stability. There are at least 20 other known SNPs in
this 2818-bp 3’-UTR. A large-scale evaluation of these SNPs and
functional assessments are needed to address this question. On the
other hand, it is unlikely that the observed association reflects the
effects of other genes in this region, as the closest known gene
[deleted in bladder cancer chromosomal region (DBCCR1I)] is 2.5 Mb
3’ from TLR4.

Several reported nonsynonymous changes were either not observed
(E4A74K and Q510H) or observed only once (V310G) among our
sample of 96 controls. We therefore could not assess their association
with prostate cancer in our study population. Another nonsynonymous
change, D299G, was relatively frequent in our population (~11% of
control subjects had the variant genotypes) but was not associated
with prostate cancer risk. The power calculation based on the preva-
lence of this SNP and the size of our study population suggested 80%
power to detect an association at 5% significance level (two-sided
test) if the SNP conferred at least a 1.45-fold increased risk. Multiple
studies on the association between D299G and various phenotypes
and diseases have been published, including the ability to recognize
lipopolysaccharides, susceptibility to Gram-negative infections, pre-
mature birth, atherosclerosis, and asthma. The overall results were
variable, with some reports providing positive findings (17-20)
whereas others did not observe an association (21-23).

In summary, our study provided evidence of an association between
a TLR4 sequence variant and prostate cancer risk. More studies are
needed to confirm or refute this finding in independent populations
and to understand the mechanism by which TLR4 sequence variants
affect the expression and function of TLR4 in the signaling pathways
that control innate immune response. Hopefully, our finding will also
encourage additional research interest on the possible role of bacterial
infection and inflammation in the development of prostate cancer.
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